Emerging evidence suggests that oxidative/nitrosative stress, as occurs during aging, contributes to the pathogenesis of Parkinson's disease (PD). In contrast, detoxification of reactive oxygen species and reactive nitrogen species can protect neurons. DJ-1 has been identified as one of several recessively inherited genes whose mutation can cause familial PD, and inactivation of DJ-1 renders neurons more susceptible to oxidative stress and cell death. DJ-1 is also known to regulate the activity of the phosphatase and tensin homolog (PTEN), which plays a critical role in neuronal cell death in response to various insults. However, mechanistic details delineating how DJ-1 regulates PTEN activity remain unknown. Here, we report that PTEN phosphatase activity is inhibited via a transnitrosylation reaction [i.e., transfer of a nitric oxide (NO) group from the cysteine residue of one protein to another]. Specifically, we show that DJ-1 is S-nitrosylated (forming SNO-DJ-1); subsequently, the NO group is transferred from DJ-1 to PTEN by transnitrosylation. Moreover, we detect SNO-PTEN in human brains with sporadic PD. Using x-ray crystallography and site-directed mutagenesis, we find that Cys106 is the site of S-nitrosylation on DJ-1 and that mutation of this site inhibits transnitrosylation to PTEN. Importantly, S-nitrosylation of PTEN decreases its phosphatase activity, thus promoting cell survival. These findings provide mechanistic insight into the neuroprotective role of SNO-DJ-1 by elucidating how DJ-1 detoxifies NO via transnitrosylation to PTEN. Dysfunctional DJ-1, which lacks this transnitrosylation activity due to mutation or prior oxidation (e.g., sulfonation) of the critical cysteine thiol, could thus contribute to neurodegenerative disorders like PD.
Introduction
Overproduction of nitric oxide (NO) is known to cause deleterious consequence to neuronal function or survival, contributing to neurodegenerative disorders such as Parkinson's disease (PD; Nakamura and Lipton, 2013) . Conversely, physiological levels of NO play an important role as a regulator of neuronal signaling pathways, homeostasis, and activity. A major signaling pathway that can mediate the biological functions of NO is protein S-nitrosylation, a post-translational redox modification of a cysteine thiol group by NO-related species (Nakamura et al., 2013) . Emerging evidence suggests that protein-protein transnitrosylation (or transfer of an NO group from one S-nitrosothiol (SNO) protein to the free thiol of another protein) represents an important mechanism whereby proteins can be S-nitrosylated or denitrosylated (Nakamura and Lipton, 2013) .
DJ-1 is a redox-active protein known to be involved in some cases of PD (Canet-Avilés et al., 2004) . For example, loss-of-function mutations in the DJ-1 gene cause early-onset autosomal-recessive PD (Bonifati et al., 2003) . Structurally, DJ-1 possesses three potentially redox-active cysteine residues (Cys46, Cys53, and Cys106). Among these cysteine residues, Cys106 is the most oxidation sensitive, forming a cysteine sulfinic acid (ϪSO 2 H) in the high-resolution crystal structure CanetAvilés et al., 2004; Premkumar et al., 2011) . Moreover, oxidation of Cys106 is critical for the neuroprotective activity of DJ-1 (Blackinton et al., 2009; Wilson, 2011) . Providing neuroprotection, DJ-1 scavenges reactive oxygen species (ROS) via oxidation of Cys106; Cys106 oxidation enhances mitochondrial localization and neuroprotection of DJ-1 (Canet-Avilés et al., 2004; Andres-Mateos et al., 2007) . In addition to sulfination or sulfonation (ϪSO 3 H) of DJ-1, NO has been reported to S-nitrosylate cysteine residues of DJ-1 in vitro (Ito et al., 2006) , although the specific cysteines involved in this reaction remain contentious.
DJ-1 acts as a neuroprotective protein via modulation of multiple cellular survival signaling pathways, including the phosphatase and tensin homolog (PTEN)-phosphatidylinositol 3-kinase (PI3K)-Akt cascade (Kim et al., 2005; Yang et al., 2005; Aleyasin et al., 2010) . PTEN phosphatase activity antagonizes PI3K and hence, downstream, neuroprotective Akt activity. Inactivation of PTEN in dopaminergic neurons provides protection against neurotoxic insults, pointing to a critical role of the PTEN-PI3K-Akt pathway in PD pathogenesis (Diaz-Ruiz et al., 2009) . Prior studies using Drosophila and mouse models showed that DJ-1 functions as a negative regulator of PTEN, thus offering neuroprotection from oxidative stress (Kim et al., 2005; Aleyasin et al., 2010) . Moreover, direct interaction between DJ-1 and PTEN appeared to inhibit PTEN phosphatase activity .
Recently, our group reported another mechanism of PTEN inhibition whereby NO S-nitrosylates PTEN to inhibit its phosphatase activity (Kwak et al., 2010; Numajiri et al., 2011) . Here, linking these prior observations, we report that DJ-1 inhibits PTEN activity via transnitrosylation, thus suppressing PTENdependent cell death. Our findings therefore show that under conditions of mild nitrosative stress, formation of SNO-DJ-1 leads to transfer of the NO group to PTEN, thus inhibiting PTEN activity and providing neuroprotection.
Materials and Methods
Reagents, antibodies, and cell cultures. The calcium ionophore A23187 was from Life Technologies, and N G -nitro-L-arginine was from Enzo Life Sciences. Anti-PTEN (138G6), myc (9B11), and Akt (catalog #9272) antibodies were from Cell Signaling Technology; mouse monoclonal DJ-1 antibody (3E8) was from Enzo Life Sciences; rabbit polyclonal DJ-1 antibody (NB300-270) was from Novus Biologicals; anti-V5 antibody (R960-25) was from Life Technologies; and anti-actin antibody (C4) was from Millipore. S-Nitroso cysteine (SNOC) was prepared as described previously (Lei et al., 1992) . Lipofectamine 2000, Lipofectamine LTX, and Plus Reagent were from Life Technologies. Human embryonic kidney (HEK) cells stably expressing neuronal NO synthase (nNOS; a gift from Drs. Solomon Snyder and David Bredt, Johns Hopkins University School of Medicine, Baltimore, MD) and neuroblastoma SH-SY5Y cells (from ATCC) were grown in DMEM (Life Technologies) containing 10% fetal bovine serum at 37°C under 5% CO 2 /95% air. A plasmid encoding HA-tagged PTEN was obtained from Addgene, and myc-or V5-tagged DJ-1 plasmids were provided by Drs. M. Cookson (National Institutes of Health, Bethesda) and C. Haass (German Center for Neurodegenerative Diseases, Munich) (Canet-Avilés et al., 2004; Görner et al., 2007) . Silencer select siRNA for PARK7/DJ-1 (siRNA ID: s230250) was from Life Technologies.
Biotin-switch assay. Cell or brain lysates were prepared in HENTS buffer (100 mM HEPES, 1 mM EDTA, 0.1 mM neocuproine, 1% Triton X-100, 0.1% SDS, pH 7.4) at a concentration of 1 g/l. The biotinswitch assay was performed as described previously (Jaffrey et al., 2001) with minor modifications. In brief, free thiols in the lysate were blocked by incubation in 10 mM methyl methanethiosulfonate (MMTS) at 50°C for 20 min with continuous mixing. The MMTS was then removed by acetone precipitation, and the pellet was resuspended in HENS buffer (100 mM HEPES, 1 mM EDTA, 0.1 mM neocuproine, plus 1% SDS). S-Nitrosothiols were selectively reduced by 20 mM ascorbate, and those reformed free thiols were labeled by 1 mM N- [6-(biotinamido) hexyl]-3Ј-(2Ј-pyridyldithio)-propionamide (biotin-HPDP) for 1 h at room temperature (RT). The biotinylated proteins were then collected on NeutrAvidin agarose beads (Thermo Scientific), which were then washed three times by Neutralization buffer (20 mM HEPES-NaOH pH 7.4, 100 mM NaCl, 1 mM EDTA, 0.5% Triton X-100). Proteins were eluted from the beads by SDS-PAGE loading buffer and subjected to immunoblot analysis.
Preparation of recombinant proteins for PTEN assay and transnitrosylation reactions. Escherichia coli BL21 (DE3) cells transformed with pGEX-KG-PTEN, pGEX-2T-PTEN, pGEX-5X-1-DJ-1, or pET28a-DJ-1 plasmid were cultured at 37°C. Protein production was induced by 0.5 mM isopropyl ␤-D-thiogalactopyranoside, and GST fusion proteins were affinity purified using glutathione 4B Sepharose (GE Healthcare Life Sciences) or TALON metal affinity resin (Clontech). Thrombin or FactorXa protease was used for cleavage of the GST-tagged fusion proteins. Alternatively, GST-tagged proteins were recovered using elution buffer (10 mM reduced glutathione in 50 mM Tris-HCl, pH 7.3). Free reduced glutathione in eluted protein fractions was removed using a PD-10 desalting column (GE Healthcare Life Sciences).
For the transnitrosylation assays, recombinant PTEN (0.2 M) or DJ-1 (2 M), prepared from bacteria, was incubated with 25 M SNOC for 45 min at RT in the dark. Subsequently, each of the resulting S-nitrosylated proteins was used as a potential NO donor to a non-nitrosylated version of the other protein in a 45 min incubation at RT in the dark to test for potential transnitrosylation. Resulting samples were subjected to the biotin-switch assay to monitor the S-nitrosylation status of each protein.
Mass spectrometry. Tandem mass spectrometry (MS/MS) spectra to detect SNO-Cys were obtained from ArgC-digested human PTEN protein after performing the biotin-switch protocol on in vitro transnitrosy- . MS/MS spectra were extracted using RawXtract (version 1.9.9; McDonald et al., 2004) and searched with ProLuCID against a Uniprot human protein database (2013_02_09) concatenated to a decoy database in which the sequence for each entry in the original database was reversed. The changes in mass of 45.988 (free thiols blocked by MMTS) and 428.192 (biotinylated cysteine after biotin switch) were set as differential modifications. Collisioninduced dissociation-mediated fragmentation of the PTEN peptide resulted in formation of "b" and "y" ion series corresponding to the N-terminal and C-terminal fragments, respectively. PTEN phosphatase activity assay. Phosphatase activity of purified PTEN was measured by a Malachite Green Phosphatase Assay Kit (Echelon Biosciences), using PtdIns(3,4,5)P3 (Echelon Biosciences) as a substrate, according to the manufacturer's protocol. In brief, purified PTEN (25 M) was exposed to SNOC (200 M) or old SNOC (from which NO had been dissipated) for 20 min. Subsequently, 1 M SNOC-or old SNOC-exposed PTEN (25 l) was incubated with PtdIns(3,4,5)P3 and Malachite Green Solution (EchelonBiosciences)toquantifythereleasedphosphate by reading the absorbance at 640 nm.
For cellular PTEN activity, PTEN immunoprecipitates were assayed as previously described (Georgescu et al., 1999) with minor modifications. Briefly, cells were lysed in lysis buffer containing 100 mM Tris-HCl, pH 7.2, 100 mM NaCl, 1 mM EDTA, 1% Triton X-100, and protease inhibitors (Thermo Scientific). Immunoprecipitation was then performed using anti-PTEN antibody and Dynabeads Protein A (Life Technologies). PTEN activity was measured with the Malachite Green Phosphatase Assay (Echelon Biosciences).
Crystallography. For crystallographic studies, full-length authentic DJ-1 protein (i.e., lacking any purification tags) was expressed and purified essentially as described using the same construct , a modified PET-15 vector, in E. coli strain BL21(DE3). The only differences in protocol were the use of 2 mM (rather than 1 mM) DTT throughout the purification, and a final (NH 4 ) 2 SO 4 cut at 90% saturation (rather than 70%). Crystals of DJ-1 were obtained at acidic pH by equilibrating against a reservoir comprising 28ϳ32% PEG 400 and 100 mM citrate, pH 4.6. They grew in ϳ7 d, and for nitrosylation studies were transferred to the same buffer supplemented with 10 mM SNOC for 30 -60 min before flash freezing in liquid nitrogen for data collection. Diffraction data for control and SNOC-treated crystals were collected at a temperature of 110 K to 1.5 Å resolution, using our in-house Rigaku FRE x-ray generator and an R-AXIS IV image plate detector. Data were processed and scaled Figure 1 . S-Nitrosylation of PTEN inhibits its phosphatase activity. A, HEK-nNOS cells were assayed for endogenous SNO-PTEN by the biotin-switch technique (top). Total PTEN levels (bottom). Activation of nNOS by Ca 2ϩ ionophore A23187 (10 M) resulted in the formation of SNO-PTEN, while the NOS inhibitor NNA (1 mM) blocked this effect. MMTS (10 mM) was used to block free thiols during the assay for S-nitrosylated protein. Vertical lines indicate images obtained from nonadjacent lanes of the same gel. B, In vitro purified PTEN was exposed to SNOC (25 M) and subjected to the PTEN phosphatase activity assay. SNO-PTEN manifested decreased phosphatase activity. C, PTEN activity in HEK-nNOS cells after exposure to A23187 (10 M) with or without pretreatment with the NOS inhibitor L-NAME (1 mM). *p Ͻ 0.05 by t test. A, HEK-nNOS cells were exposed to A23187 in the presence or absence of NNA, and cell lysates were subjected to the biotin-switch assay. Control experiments were performed without MMTS. The presence of DJ-1 proteins in the input samples was detected by standard immunoblot analysis (bottom). Vertical lines indicate images obtained from nonadjacent lanes of the same gel. B, S-Nitrosylation of Cys106 in DJ-1. HEK cells transfected with WT or cysteine mutant DJ-1(C46S or C106A) were exposed to 25 M SNOC, and SNO-DJ-1 was detected by the biotin-switch assay (top). Mutation of Cys106 abolished the effect of SNOC on SNO-DJ-1 formation. C, HEK-nNOS cells were transfected with WT or DJ-1(C106A), exposed to A23187 (10 M) for 2 h, and lysed for SNO-DJ-1 assay (top). D, Identification of the S-nitrosylation site on DJ-1 by x-ray crystallography. In crystals of DJ-1, SNOC exclusively modifies Cys106. Electron density (2Fo-Fc) maps in the vicinity of the three cysteine residues are superimposed on refined atomic models derived from control crystals (left) and SNOC-treated crystals (right) grown at pH 4.6. Both crystal structures were refined to 1.5 Å resolution. There is no evidence for modification of the sulfur at positions Cys46 or Cys56; additional density (labeled with *) emanating from the C␤ carbon of Cys53 is consistent with an alternate conformation of the side chain. Additional density from the Cys106 sulfur has been modeled as nitrosocysteine. Although some degree of hydrolysis to sulfenic acid cannot be ruled out, there is no evidence for oxidation to sulfinic acid, which has a distinctive bifurcated structure (Canet-Avilés et al., 2004). Atomic models are colored yellow (sulfur), blue (nitrogen), red (oxygen), and green (carbon).
using the HKL package (Otwinowski and Minor, 1997). In each case, the isomorphous DJ-1 structure [Protein Data Bank (PDB) ID: 1P5F] was used as the starting model for refinement using the CNS (Brünger et al., 1998) and model building with O (Jones and Kjeldgaard, 1997). Data collection and final refinement statistics are given in Table 1 . Atomic coordinates and structure of S-nitrosylated DJ-1 have been deposited in the PDB (4RKW for the untreated protein; and 4RKY for the S-nitrosylated protein).
GST pull-down assay. Purified GST or GST-DJ-1 bound on glutathione-Sepharose was incubated with purified PTEN for 3 h. After incubation, beads were washed three times with PBS. The samples were then resuspended in SDS-PAGE loading buffer and boiled for 5 min before Western blotting with anti-PTEN antibody.
Protein complex immunoprecipitation. HEK293A cells in 10 cm dishes were harvested and solubilized by immunoprecipitation buffer [1% Triton X-100, 1% glycerol, protease inhibitors (Roche) in PBS]. Five hundred micrograms of cell lysate were incubated with a complex of protein A/G-agarose beads (Santa Cruz Biotechnology) and anti-PTEN or control antibody (or with antibody immobilized on the beads) for 3-5 h at 4°C. Beads were then washed with the immunoprecipitation buffer three times and subjected to immunoblotting. Human brain samples. Postmortem human brain samples from the frontal cortex were obtained from patients in whom Parkinson's disease had been diagnosed or age-matched, non-CNS disease control subjects (four males and three females). Patient data are summarized in Table 2 . Human brain samples were obtained and analyzed with institutional permission following State of California and National Institutes of Health guidelines. Informed consent was obtained according to procedures approved by the Institutional Review Board at the University of California, San Diego.
Assessment of SH-SY5Y cell death. SH-SY5Y cells were cotransfected with constructs encoding wild-type (WT) PTEN, mutant PTEN(C83A), WT DJ-1, or mutant DJ-1(C106A). Twenty-four hours later, apoptotic cell death was assessed in a masked fashion via nuclear morphology using Hoechst 33258 staining, as we previously described (Uehara et al., 2006) .
Results

S-Nitrosylation of PTEN inhibits its phosphatase activity
We previously reported that S-nitrosylation of PTEN at Cys83 inhibits its enzymatic activity (Kwak et al., 2010; Numajiri et al., 2011) . To verify these findings in a cell-based context, we determined whether endogenous NO generated by nNOS could S-nitrosylate PTEN (forming SNO-PTEN). To this end, we exposed HEK cells stably expressing nNOS (HEK-nNOS cells) to the calcium ionophore A23187 to activate nNOS. We found by the biotin-switch assay that incubation in A23187 induced the formation of SNO-PTEN. SNO-PTEN was not detected when the cells were pretreated with the NOS inhibitor N G -nitro-L-arginine (NNA; Fig. 1A) . Next, we examined the lipid phosphatase activity of recombinant PTEN using a standard protocol (Lacalle et al., 2004) . Consistent with previous reports (Kwak et al., 2010; Numajiri et al., 2011) , the physiological NO donor SNOC (25 M) decreased PTEN activity by 40% (Fig. 1B) . Moreover, nNOS-derived NO also decreased PTEN activity; this inhibitory effect was partially reversed by the NOS inhibitor N--nitro-Larginine methyl ester (L-NAME; Fig. 1C ). These findings are consistent with the notion that S-nitrosylation represents a posttranslational regulatory mechanism of PTEN activity.
S-Nitrosylation of DJ-1 at Cys106
Previous studies suggested that high concentrations of NO donors (Ͼ0.25 mM) can S-nitrosylate DJ-1 in vitro at Cys46 and Cys53 (Ito et al., 2006) . Such high concentrations of NO, however, can potentially S-nitrosylate cysteine thiols that would not normally react under physiological conditions (Stamler et al., 1997; Qu et al., 2011) . Therefore, to characterize SNO-DJ-1 formation under more physiological conditions, we took an approach similar to that used above to analyze SNO-PTEN. Like PTEN, we found that DJ-1 could be S-nitrosylated by endogenous NO generated from nNOS in an NNA-sensitive manner ( Fig. 2A) .
Next, to determine the site of S-nitrosylation on DJ-1, we mutated Cys46 or Cys106, and assayed for SNO-DJ-1 formation by the biotin-switch assay in HEK cells exposed to 25 M SNOC. We found that under these conditions the wild-type protein showed a detectable level of S-nitrosylation, while nitrosylation of the C106A mutant was not detected (Fig. 2B) . Interestingly, however, the C46S mutant of DJ-1 actually showed a somewhat higher level of protein S-nitrosylation. Note that Cys46 is buried in a hydrophobic pocket, and thus it is likely that mutation of cysteine to serine, although representing a conservative change, creates a local perturbation of the structure. Such an occurrence may, for example, increase the accessibility of SNOC for Cys106. Furthermore, consistent with this notion, C106A mutation completely abrogated the formation of SNO-DJ-1 in response to endogenous NO in HEK-nNOS cells exposed to A23187 (Fig. 2C) . Together, these results suggest that Cys106 is the predominant physiological target of S-nitrosylation on DJ-1.
Next, we investigated more directly the target sites of S-nitrosylation on DJ-1. To visualize SNO formation on wildtype human DJ-1, we analyzed the crystal structure of SNO-DJ-1 at a resolution of 1.5 Å. To minimize cysteine oxidation under ambient conditions, we used 2 mM DTT throughout the purification, then immediately set up crystallization drops, and harvested the crystals within 3-7 d before flash freezing in liquid nitrogen. We grew crystals at pH 8.5 and 4.6, and solved both GSTfusion DJ-1 or GST alone was incubated with purified PTEN for 3 h and was pulled down with GSH beads. The precipitates were subjected to immunoblot and probed with anti-PTEN or anti-DJ-1 antibody. GST-DJ-1, but not GST alone, pulled down PTEN. B, Coimmunoprecipitation of DJ-1 and PTEN. HEK293A cells were lysed and coimmunoprecipitated with anti-PTEN antibody or control. Precipitates and total lysates were subjected to immunoblotting. structures at 1.5 Å resolution using our in-house x-ray source, since previous studies using a synchrotron source had reported cysteine oxidation mediated by free-radicals generated by the highly intense x-ray radiation. By contrast, we observed no significant modification of the cysteine residues in either case (Fig.  2D, left) . At high pH, SNOC is known to be very unstable, quickly dissipating NO to generate other oxidizing species. Under such conditions, incubation of the crystals in SNOC at pH 8.5 for as little as 30 s led to selective oxidation of Cys106 on DJ-1 to sulfinic acid (data not shown), as previously described (Canet-Avilés et al., 2004) . In contrast, at low pH, SNOC is more stable, allowing facile transfer of the NO group to protein thiols (Lipton and Stamler, 1994; Lipton et al., 1993) . Accordingly, under such conditions at pH 4.6, we observed the selective modification of Cys106 on DJ-1, which could be most readily modeled as an S-nitrosocysteine (Fig. 2D, right) . Collectively, the biochemical studies with the biotin-switch assay and the atomic resolution studies by x-ray crystallography provide strong evidence that Cys106 is the predominant physiological site of S-nitrosylation in DJ-1.
Transnitrosylation of PTEN by SNO-DJ-1
Evidence suggests that DJ-1 acts as a suppressor of PTEN activity (Kim et al., 2005; Yang et al., 2005; Aleyasin et al., 2010) . Although the exact mechanism for this effect remains to be elucidated, there is speculation that oxidative/nitrosative stress may be involved because both PTEN and DJ-1 are redox-sensitive proteins. Along these lines, we and other groups have recently discovered that protein-protein transnitrosylation reactions (i.e., transfer of an NO group from one protein thiol to another) constitute a common mechanism in mammalian systems whereby one nitrosylated protein can S-nitrosylate another according to their respective Nernstian redox potentials (Kornberg et al., 2010; Nakamura et al., 2010; Qu et al., 2011) .
Having shown that PTEN and DJ-1 can both be S-nitrosylated under physiologically relevant conditions, we hypothesized that SNO-DJ-1 might transnitrosylate PTEN to suppress PTEN phosphatase activity. To begin to test this possibility, we first asked whether PTEN interacts with DJ-1, since direct interaction of two proteins is generally required for the transnitrosylation reaction. For this, we initially used a GST pull-down assay in which the ability of PTEN to associate with GST-fused DJ-1 was examined. We found that PTEN interacted with GST-DJ-1 but not with GST alone (Fig.  3A) . To further assess this PTEN-DJ-1 interaction, we next performed a coimmunoprecipitation assay in HEK293A cells. Anti-PTEN antibody coimmunoprecipitated an endogenous PTEN/DJ-1 protein complex, whereas control antibody failed to pull down DJ-1 (Fig. 3B) , supporting the notion that endogenous PTEN and DJ-1 form a complex in cells, as previously predicted .
To test for the potential transfer of an NO group between PTEN and DJ-1, we next incubated purified recombinant DJ-1 protein with SNOC to produce SNO-DJ-1 protein in vitro. We then mixed PTEN with SNO-DJ-1 or unmodified DJ-1 to measure potential transnitrosylation. A biotin-switch assay demonstrated that SNO-DJ-1 acted as an NO donor to PTEN to form SNO-PTEN via transnitrosylation (Fig. 4A, left) . In contrast, SNO-PTEN failed to transfer NO to DJ-1 since SNO-DJ-1 was not detected (Fig. 4A, right) . Thus, these data suggest that NO is preferentially transferred from DJ-1 to PTEN but not vice versa. In control experiments, we found that nonnitrosylatable mutant DJ-1(C106A) could not transfer NO to PTEN since we did not observe the formation of SNO-PTEN (Fig. 4B) . Consistent with our prior observations (Kwak et al., 2010; Numajiri et al., 2011) , our mass spectrometry analysis identified Cys83 as the site of transnitrosylation on PTEN (Fig. 4C) .
Additionally, to evaluate the effect of endogenous DJ-1 on the generation of SNO-PTEN in intact neural cells, we used an RNAi technique to knock down endogenous DJ-1 in SH-SY5Y cells; transfection of DJ-1 siRNA led to a decrease in SNO-PTEN levels ( Fig. 4D ) and thus to an increase in PTEN activity (Fig. 4E) . Importantly, using a modification of the Nernst equation that we recently developed (Nakamura et al., 2010) , we calculated that a difference in the standard redox potential of 28.3 mV and a change in Gibbs free energy associated with transnitrosylation of NO from SNO-DJ-1 to PTEN of Ϫ2.7kJ/mol. These physical chemistry values are consistent with the notion that the transfer of NO from DJ-1 to PTEN can occur in intact cells as well as in vitro. Together, these findings support our hypothesis that SNO-DJ-1 can act as a nascent nitrosylase (i.e., an enzyme that donates an NO group to a protein thiol, in this case on a cysteine residue of PTEN via transnitrosylation).
Transnitrosylation inhibits neural cell death associated with PTEN activity
We and our colleagues have shown previously that (1) increased PTEN activity is associated with increased neuronal cell death, and (2) S-nitrosylation of PTEN inhibits its phosphatase activity to promote cell survival (Kwak et al., 2010; Numajiri et al., 2011) . Hence, we reasoned that the formation of SNO-PTEN via transnitrosylation from DJ-1 may result in neuroprotection. To test this idea, we used a model system of neural SH-SY5Y cells because they express endogenous NOS and are amenable to facile transfection (Numajiri et al., 2011) . Initially, we established experimental conditions whereby increased expression of DJ-1 resulted in elevated levels of SNO-PTEN, presumably via transnitrosylation (Fig.  5 A, B) . Previously, it had been reported (Li et al., 1998 ) that overexpression of PTEN promotes apoptotic cell death. Therefore, we next asked whether this PTEN-dependent cell death could be inhibited by transnitrosylation from DJ-1 in SH-SY5Y cells. As shown in Figure 5C , the overexpression of PTEN significantly increased cell death, but cotransfection with DJ-1 dramatically attenuated this effect. Strikingly, mutation of the redox-active site of S-nitrosylation/oxidation on DJ-1(Cys106) completely abrogated the neuroprotective effect of DJ-1. Additionally, WT DJ-1 failed to protect SH-SY5Y cells from the toxicity induced by non-nitrosylatable mutant PTEN(C83A). Importantly, when NO production was blocked with a NOS inhibitor, the protective activity of DJ-1 was partially reversed, consistent with the notion that NO contributed to the neuroprotective action of DJ-1 from PTEN-mediated injury. Together, these results are consistent with our hypothesis that DJ-1 exerts its neuroprotective activity at least in part via transnitrosylation and thus inhibition of PTEN.
S-Nitrosylation of PTEN in postmortem human brain
Previously, we and our colleagues reported that formation of endogenous SNO-PTEN could afford neuroprotection in rodent models of cerebral ischemia and Alzheimer's disease (Kwak et al., 2010; Numajiri et al., 2011) . Here, we ascertained in human PD brains whether the level of SNO-PTEN found in vivo would be sufficient to offer a degree of neuroprotection. If transnitrosylation from DJ-1 to PTEN occurs in the human PD brain, then there should be an increased ratio of SNO-PTEN relative to SNO-DJ-1 compared with a control brain. Indeed, we observed by biotin-switch analysis of human postmortem PD versus control brains that SNO-PTEN levels were significantly increased in PD brains (ϳ1.75-fold, p ϭ 0.022), while PD brains expressed slightly less SNO-DJ-1 compared with controls ( Fig. 6 A, B) . Moreover, as predicted, the ratio of relative SNO-PTEN to SNO-DJ-1 levels was dramatically increased (Fig. 6C) . Importantly, the level of SNO-PTEN to total PTEN was similar in human PD brain and SH-SY5Y cells under conditions of neuroprotection by DJ-1 (Fig. 6D) . These results are consistent with the notion that in human PD brains, DJ-1 transnitrosylates PTEN, which would tend to detoxify neurotoxic levels of NO, but additional neurodegenerative signaling pathways (e.g., aberrantly increased production of NO generating SNO-Akt; Fig. 6E ) would eventually overcome the neuroprotective effect of SNO-PTEN, leading to neuronal loss (Numajiri et al., 2011) .
Discussion
In a variety of neurodegenerative disorders, excessive nitrosative stress generates high concentrations of NO, which have been shown to contribute to neuronal damage and death (Dawson et al., 1991; Nakamura et al., 2013) . In part, this neurodestructive effect is mediated by S-nitrosylation of Akt, thus inhibiting the neuroprotective cascade triggered by Akt (Numajiri et al., 2011) . In contrast, at low concentrations, NO is generally considered to be a prosurvival factor, in part via formation of SNO-PTEN, which activates the neuroprotective Akt pathway (Kwak et al., 2010; Numajiri et al., 2011) . Interestingly, prior work had also shown that DJ-1 can protect neurons from redox stress associated with ROS (Canet-Avilés et al., 2004) , although the effect of DJ-1 Figure 5 . DJ-1 decreases PTEN-induced cell death in SH-SY5Y cells via transnitrosylation. A, B, DJ-1 promotes S-nitrosylation of PTEN in unstressed SH-SY5Y cells. SNO-PTEN levels were examined by the biotin-switch assay after transfection with WT DJ-1 or non-nitrosylatable mutant DJ-1(C106A). To control for nonspecific detection, ascorbate (Asc) was omitted from the assay. C, SH-SY5Y cells were transfected with the indicated constructs and incubated for 24 h in the presence or absence of 1 mM NNA. Cell death was measured by counting condensed nuclei after Hoechst staining. WT DJ-1 protected cells from PTEN-induced cell death, while non-nitrosylatable mutant DJ1(C106A) failed to protect cells. Cell death induced by non-nitrosylatable mutant PTEN(C83A) was not prevented by DJ-1. NNA partially abrogated the protective effects of WT DJ-1. *p Ͻ 0.02 by two-tailed Student's t test compared with "PTEN ϩ DJ-1." on reactive nitrogen species (RNS)-mediated redox stress was heretofore unknown. In the present study, we mount evidence that, during mild nitrosative stress, transnitrosylation to form SNO-PTEN from SNO-DJ-1 represents an important molecular mechanism contributing to the neuroprotective effect of DJ-1. Specifically, we present evidence, including biochemical experiments and atomic structures at 1.5 Å resolution, that endogenous pathophysiologically relevant concentrations of NO result in the formation of SNO-DJ-1, which can then donate its NO group to PTEN to produce SNO-PTEN (Fig. 7) .
Prior work had shown that DJ-1 exerts its antiapoptotic function, at least in part, via suppression of PTEN activity (Kim et al., 2005; Yang et al., 2005; Aleyasin et al., 2010) . Here, we report a new mechanism for the inhibition of PTEN activity by DJ-1; namely, DJ-1 is S-nitrosylated predominantly at Cys106, and in turn transfers NO to Cys83 on PTEN. In support of this conclusion, we show that neural cell death induced by nonnitrosylatable mutant PTEN(C83A), unlike WT PTEN, cannot be rescued by DJ-1. Also consistent with this premise, a prior study (Zhang et al., 2012) demonstrated that mutant DJ-1(C106A) is incapable of increasing Akt phosphorylation/activation.
Overall, the modulation of the PTEN-PI3K-Akt pathway by DJ-1 appears to involve multiple cellular mechanisms. For example, DJ-1 can bind to cellular mRNAs, including those encoding components of the PTEN-PI3K-Akt cascade, to regulate their expression (van der Brug et al., 2008) . Additionally, recent studies have shown that DJ-1 negatively regulates PTEN expression in several cancerous cell types, thus decreasing PTEN activity (Kim et al., 2005 ). Intriguingly, S-nitrosylation of PTEN also enhances ubiquitin-proteasome system-dependent degradation of PTEN (Kwak et al., 2010) . Thus, our findings of PTEN transnitrosylation from SNO-DJ-1 pose a mechanistic model in which the transfer of NO from DJ-1 to PTEN not only inhibits PTEN phosphatase activity but also facilitates its degradation, both of which would contribute to neuroprotection.
Concerning the prosurvival function of DJ-1, dimerization is generally believed to be associated with this neuroprotective action. Ito et al. (2006) previously reported that a high concentration (Ͼ0.25 mM) of NO, derived from S-nitrosoglutathione, could S-nitrosylate DJ-1 in vitro at Cys46 and Cys53, potentially preventing dimerization of DJ-1 and abrogating the neuroprotective activity of DJ-1. In contrast, in the present study using intact cells we found that physiologically relevant levels of NO, derived from Ͻ25 M SNOC or from endogenous nNOS, induce S-nitrosylation of DJ-1 at Cys106. The NO group is then transnitrosylated to PTEN to inhibit its activity and enhance neuroprotection. Our findings are thus consistent with previous observations that Cys106 plays an essential role in the neuroprotective activity of DJ-1 ( Table 2 . *p Ͻ 0.05 by two-tailed Student's t test. E, SNO-Akt levels were assessed by biotin-switch assay in human control and PD brains. Cys106 on DJ-1 is extremely susceptible to spontaneous oxidation in vitro, forming a cysteine sulfinate or sulfonate derivative, which would prevent S-nitrosylation of this cysteine thiol group. It is thus likely that Ito et al. (2006) failed to observe S-nitrosylation of Cys106 due to in vitro sulfination/sulfonation of Cys106 under their experimental conditions in ambient air.
The neuroprotective effect of DJ-1 is thought to involve its antioxidant activity. For example, RNAi-mediated knockdown of DJ-1 causes cellular accumulation of ROS and renders cells more susceptible to oxidative stress (Taira et al., 2004; Yang et al., 2005) , suggesting that DJ-1 may possess antioxidant activity to detoxify ROS (Blackinton et al., 2009) . In fact, the detoxification of ROS may involve the aforementioned formation of sulfinic or sulfonic acid at Cys106 on DJ-1. Here, we suggest that DJ-1 can also detoxify RNS by reaction with NO at the same cysteine residue. Moreover, subsequent transnitrosylation from DJ-1 to PTEN may represent a feedforward loop to further enhance survival via inhibition of PTEN (Fig. 7) .
In summary, we report a molecular mechanism whereby DJ-1 acts as an NO-sensitive neuroprotective protein in addition to its known reactivity toward ROS. This neuroprotective S-nitrosylation occurs on the redox-sensitive residue Cys106 of DJ-1, with subsequent transnitrosylation to form SNO-PTEN. The work therefore elucidates a new mechanism for transferring NO from one protein to another, resulting in enhanced neuroprotection.
